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. $\mathrm{i}\Phi$ thin-jet , jet
jet – ,
[1-4]. jet (potential vorticity)
, jet (potential vorticity front)
. Thin jet ,
, jet [5-9].
11/2 ,







. Meacham double front , ,
1 ,
, .
Boussinesq , thin-jet sheet
. , 11/2 jet [10-12]
. , Boussinesq , 11/2 .
2 11/2
$\beta$ 11/2 , $(x, y)$ $(u, v)$ , $h$ ,
$\frac{\partial u}{\partial t}+u\frac{\partial u}{\partial x}+v\frac{\partial u}{\partial y}-(1+\beta y)v=-\frac{\partial h}{\partial x}$ , (2.1)
$\frac{\partial v}{\partial t}+u\frac{\partial v}{\partial x}+v\frac{\partial v}{\partial y}+(1+\beta y)u=-\frac{\partial h}{\partial y}$ , (2.2)
$\frac{\partial h}{\partial t}+u\frac{\partial h}{\partial x}+v\frac{\partial h}{\partial y}+h(\frac{\partial u}{\partial x}+\frac{\partial v}{\partial y})=0$ . (2.3)
, . , $\beta=0$ .
Cushman-Roisin et al. [10], $\mathrm{Y}\mathrm{o}\mathrm{S}\mathrm{i}\mathrm{m}\mathrm{o}\mathrm{r}\mathrm{i}\mathrm{l}\mathrm{l}2]$ $\beta\neq 0$ ,
$\beta=0$ .
(thin iet) . .
$(x, y)$ , .
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, . $s$ , $n$ . Jet
$s$ , jet $n$ . $(x, y)$
$(s, n)$ . $r(s, t)$ ,
$t(S, t),$ $\mathrm{n}(S, t)$ .
$x(s, n, t)=\mathrm{r}(s, t)+n\mathrm{n}(s, t)$ (2.4)
. , $\mathrm{r},$ $t,$ $\mathrm{n}$ $s,$ $t$ #
$\partial_{\delta}\mathrm{r}=t$, $\partial_{\epsilon}t=\kappa \mathrm{n}$, $\partial_{s}\mathrm{n}=-\kappa t$,
(2.5)
$\partial_{t}\mathrm{r}=c_{\epsilon}t+c_{n}\mathrm{n}$ , $\partial_{t}t=\omega \mathrm{n}$, $\partial_{t}\mathrm{n}=-\omega t$,
. $\kappa$ , $c$, $c_{n}$ ,
.
$\omega$ $(t, \mathrm{n})-$




$t\sim 1/\epsilon^{3}$ , $s\sim 1/\epsilon$ , $n\sim 1$ ,
$U\sim 1$ , $V\sim\epsilon^{2}$ , $h\sim 1$ ,
$\kappa\sim\epsilon$ , $c_{\epsilon}\sim\epsilon^{2}$ , $c_{n}\sim\epsilon^{2}$ , $\omega\sim\epsilon^{3}$ .
$\epsilon$
$X= \sum_{m=m}\infty 0\epsilon m^{1m)}x$
. , $m_{0}$ $\epsilon$ . $(2.1)-(2.3)$
( ), $\epsilon$ .
$O(1)$ (2.2)
$(0)U=- \frac{\partial h(0)}{\partial n}$ (2.6)
. $\langle$ (2.2) $O(\epsilon)$
)
$(1)10 \kappa U^{2}+)(1)U=-\frac{\partial h}{\partial n}$ . (2.7)
$\langle 1)\kappa$
. $O(\epsilon^{2})$ (2.1) (2.3)
$(0U \frac{\partial^{(1)}U}{\partial s}+()\mathrm{t}2)V-C_{n})\frac{\partial^{\langle 0)}U}{\partial n}\{2$
)
$(2)-V=- \frac{\partial^{(1)}h}{\partial s}$ , (2.8)
$(0)(2) \mathrm{t}U\frac{\partial^{(1)}h}{\partial s}+(V-\mathrm{c}_{n})\frac{\partial^{(0)}h}{\partial n}2)\mathrm{t}0)+h(\frac{\partial^{\{1)}U}{\partial s}+\frac{\partial^{(2)}V}{\partial n})=0$ , (2.9)
. $(1)U$
$\langle 1)h$ . Cushman-Roisin
et al. [10] \nu 1, $V,$ $\partial h/\partial sarrow \mathrm{O}(narrow\infty)$ * . (2.9) (2.6), (2.7)
. $(2)C_{n} \frac{\partial^{\mathrm{t}\mathrm{o})}h}{\partial n}=\frac{\partial}{\partial n}[^{(0)}h(^{(1)}V-\frac{\partial^{\{1)}h}{\partial s})]-h(0)(\frac{\partial^{\mathrm{t}0)}h}{\partial n})^{2}\frac{\partial^{(1)}\kappa}{\partial s}$,
’Cushman-Roisin et -al. single front no front . no front
(
, single front $h=0(n=0)$ . [10] .
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, $n=-\infty$ $n=+\infty$ ,
$c_{n}=(2)c_{1^{\frac{\partial^{(1)}\kappa}{\partial s}}}$ , $C_{1}= \int^{\mathrm{t}\mathrm{o}}h)(\frac{\mathrm{d}^{(0)}h}{\mathrm{d}n})2\mathrm{d}n/\int\frac{\mathrm{d}^{\langle 0)}h}{\mathrm{d}n}\mathrm{d}n$ (2.10)
. ,
. $[5, 6, 1\mathrm{k}12]$
(2.5) (2.10) \mbox{\boldmath $\kappa$}
:[10-12]
$\frac{\partial^{\langle 1)}\kappa}{\partial t}=C_{1}(\frac{\partial^{3}\kappa\{\iota)}{\partial s^{3}}+\frac{2}{3}\kappa^{2}\frac{\partial^{\langle 1)}\kappa}{\partial s})(1)$. (2.11)
modified $\mathrm{K}\mathrm{d}\mathrm{V}$ , –




$\frac{\mathrm{d}\rho}{\mathrm{d}t}=0$ , $\nabla\cdot \mathrm{u}=0$ , $\frac{\mathrm{d}\mathrm{u}}{\mathrm{d}t}+f_{0}k\mathrm{x}\mathrm{u}=-\frac{1}{\rho_{0}}\nabla p-\frac{g}{\rho_{0}}\rho k$ , (3.1)
. $\mathrm{u}=(u, v, w)$ , $\rho$ , $P$ . $fo$ Coriolis
( ), $g$ . $k$ . Lagrange
$\mathrm{d}/\mathrm{d}t=\partial/\partial t+\mathrm{u}\cdot\nabla$. $(x, y, z)$ , jet , ,
. :
$\frac{\mathrm{d}\rho}{\mathrm{d}t}=0$ , $\nabla\cdot \mathrm{u}=0$ , $\frac{\mathrm{d}\mathrm{u}}{\mathrm{d}t}+k\mathrm{x}\mathrm{u}=-\nabla p-\mathrm{r}\rho \mathrm{k}$ . (3.2)
:
$\frac{\mathrm{r}}{L}arrow \mathrm{r}$, $f_{0}tarrow t$ , $\frac{\mathrm{u}}{U_{0}}arrow \mathrm{u}$, $\frac{\rho}{\rho_{0}}arrow\rho$ , $\frac{p}{\rho_{0}f_{0}LU0}arrow p$ ,
$R_{o}= \frac{U_{0}}{f_{0}L’}$ $\Gamma=\frac{g}{f_{0}U_{0}}$ .
, $L$ jet , $U0$ jet , Lagrange $\mathrm{d}/\mathrm{d}t=\partial/\partial t+R_{O}(\mathrm{u}\cdot\nabla)$ .
( ) , . –
, $(x, y)$ . 11/2
. $s$ , $n$ , Jet $s$ , jet
$n$ . $\mathrm{r}(s, z, t)$ ,
$\mathrm{x}(s, n, Z, t)=\mathrm{r}(s, z, t)+n\mathrm{n}(s, z, t)$ (3.3)
. , $t(s, z, t),$ $\mathrm{n}(S, z, t)$ ,
. $r,$ $t,$ $\mathrm{n},$ $k$ $s,$ $z,$ $t$ \iota :
$\partial_{s}\mathrm{r}=t$, $\partial_{s}t=\kappa \mathrm{n}$, $\partial_{s}\mathrm{n}=-\kappa t$, $\partial_{s}k=\mathit{0}$,
$\partial_{z}r=at+b\mathrm{n}+\mathrm{k}$, $\partial_{z}t=\Omega \mathrm{n}$, $\partial_{z}\mathrm{n}=-\Omega t$, $\partial_{z}k=\mathit{0}$, (3.4)
$\partial_{t}\mathrm{r}=c_{s}t+c_{n}\mathrm{n},$ $\mathrm{v}$ $\partial_{t}t=\omega \mathrm{n}$, $\partial_{t}\mathrm{n}=-\omega t$, . $\partial_{t}k=\mathit{0}$ .
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, $\kappa$ , $a$ $b$ , $\Omega$ $(t, \mathrm{n})$- , $c_{s}$
$c_{n}$ , $\omega$ $k$- .
11 .
$\epsilon$ :
$t\sim 1/\epsilon^{3}$ , $s\sim 1/\epsilon$ , $n\sim 1$ , $z\sim 1$ , $z_{1}\sim\epsilon^{2}$ ,
$p\sim 1$ , $\rho\sim 1$ , $U\sim 1$ , $V\sim\epsilon^{2}$ , $W\sim\epsilon^{2}$ ,
$\kappa\sim\epsilon$ , $c_{s}\sim\epsilon^{2}$ , $c_{n}\sim\epsilon^{2}$ , $\omega\sim\epsilon^{3}$ , $a\sim\epsilon$, $b\sim\epsilon$ , $\Omega\sim\epsilon^{3}$ .
, $(U, V, W)$ $(t, \mathrm{n}, k)$- . $\kappa,$ $a,$ $b$




$0)U=- \frac{\partial^{\langle 0)}p}{\partial n}$ , (3.5)
$0=- \frac{\partial^{\mathrm{t}\mathrm{o})}p}{\partial z}-\mathrm{r}_{\rho}^{1^{0})}$, (3.6)
. , . $O(\epsilon)$
$\langle$ 1)
$R_{o} \kappa U^{2}11)(0)+U=-\frac{\partial p}{\partial n}(1)$, (3.7)
$0=-( \frac{\partial^{(1)}p}{\partial z}-b(1)\frac{\partial p(0)}{\partial n})-\mathrm{r}_{\rho}^{(1)}$ , (3.8)
, $\langle 0)U,$ $(0)\rho,$
{
$0)P$
$s$ . $O(\epsilon^{2})$ ,
$R_{o} \mathrm{r}^{\langle 0}U)(2)(\frac{\partial^{(1)}\rho}{\partial s}+(V-c_{n})2)\frac{\partial^{(0)}\rho}{\partial n}\rceil=0$, (3.9)
$R_{o} \lceil 10U\frac{\partial^{(1)}U}{\partial s})(+(V-c_{n})2)\mathrm{t}2)\frac{\partial^{(0)}U}{\partial n}\rceil-V=-\frac{\partial^{(1)}p}{\partial s}(2)$ , (3.10)




$\mathcal{L}\frac{\partial^{(1)}p}{\partial s}=\frac{\partial^{2}p\mathrm{t}0)}{\partial n\partial z}c_{n}-R^{2(}\{2\rangle$$O \frac{\partial^{(0)}p}{\partial n})^{3}\frac{\partial^{2^{(0)}}p}{\partial n\partial z}\frac{\partial^{\langle 1)}\kappa}{\partial s}-(\frac{\partial^{(0)}p}{\partial n})^{2}(Ro\frac{\partial^{2^{(0)}}p}{\partial n^{2}}+1)\frac{\partial^{\langle 1)}b}{\partial s}$ . (3.11)
$\mathcal{L}=\frac{R_{o}}{2}[\frac{\partial}{\partial z}(\frac{\partial^{(0)}p}{\partial n}\mathrm{I}2\frac{\partial}{\partial n}-\frac{\partial}{\partial n}(\frac{\partial^{1}p0)}{\partial n})^{2}\frac{\partial}{\partial z}]-\frac{\partial^{(0)}p}{\partial n}\frac{\partial}{\partial z}+\frac{\partial^{2^{\langle 0)}}p}{\partial n\partial z}.$ (3.12)




. $qarrow \mathrm{O}$ ($zarrow z\pm$ , $z_{+}$ , $z_{-}$ ) $qarrow q\pm(narrow\pm\infty$ ,
$q_{+},$ $q-$ ) , $H$ (3.11) ( ), $\mathcal{L}$
$\mathcal{L}^{T}=-\frac{R_{o}}{2}[\frac{\partial}{\partial z}(\frac{\partial^{\langle 0)}p}{\partial n})^{2}\frac{\partial}{\partial n}-\frac{\partial}{\partial n}(\frac{\partial^{(0)}p}{\partial n})2\frac{\partial}{\partial z}]+\frac{\partial^{\langle 0)}p}{\partial n}.\frac{.\partial}{\partial z}+\frac{\partial^{2^{(0)}}p}{\partial n\partial z}$ .
$\langle 0)Uarrow 0(narrow\pm\infty)$ , $C_{1},$ $C_{2}$ ,
$c_{n1}\langle 2$
)
$=c \frac{\partial^{\langle 1)}\kappa}{\partial s}+C2^{\frac{\partial^{(1)}b}{\partial s}}$, (3.13)
. 11/2 $C_{1}>0,$ $C_{2}=0$ . (3.13) 2





$=C_{1}( \frac{\partial^{3}\kappa}{\partial s^{3}}+\frac{3}{2}\kappa\frac{\partial\kappa}{\partial s}\langle 1)2)+C_{2}(\frac{\partial^{3}b}{\partial s^{3}}+\kappa\langle 112\frac{\partial b}{\partial s}+\frac{\partial\kappa}{\partial s}\int^{(1)}\kappa\frac{\partial b}{\partial s}\mathrm{d}s)$,
$\frac{\partial^{(1)}b}{\partial t}=C_{1}(\frac{\partial^{2^{(1)}}\kappa}{\partial z\partial s}+\frac{1}{2}\kappa\frac{\partial b}{\partial s}2-\frac{\partial^{2^{(1)}}\kappa}{\partial s^{2}}\int^{(}11)1\kappa b^{)})11\mathrm{d}_{S})$
$+C_{2}( \frac{\partial^{2^{\langle 1)}}b}{\partial z\partial s}+\frac{\partial^{\langle 1)}b}{\partial s}\int\langle 1)\kappa\frac{\partial^{\langle 1)}b}{\partial s}\mathrm{d}_{S}-\frac{\partial^{2^{(1)}}b}{\partial s^{2}}\int(1)\mathrm{t}1))\kappa b\mathrm{d}s$ ,
$\frac{\partial^{\langle 1)}\kappa}{\partial z}=\frac{\partial^{2^{(1)}}b}{\partial s^{2}}+(1)\mathrm{t}1\kappa b2)+\frac{\partial\kappa(1)}{\partial s}\int \mathrm{t}1\kappa b^{)}\mathrm{d})\mathfrak{l}1S$. (3.14)
11/2 , $C_{2}=0$ modified $\mathrm{K}\mathrm{d}\mathrm{V}$ (2.11)
.
4
( ) (thin-jet sheet) .
, 11/2 ,
. ( ) , 11/2
modified $\mathrm{K}\mathrm{d}\mathrm{V}$ , . .
, .
(3.13) $C_{1},$ $C_{2}$ . , jet
$\mathcal{L}\dagger$
$q$ . , $q$
. Cushman-Roisin et al. [10] $\langle$ ,
$C_{1},$ $C_{2}$ . A
.
, .









3 (3.13), (3.14) , 11/2
, . .
$\rho$ $z$ , $h(s, n,\rho, t)$ $\rho$
. :
$\frac{\partial f}{\partial x}arrow\frac{\partial f}{\partial x}-\frac{\partial h/\partial x}{\partial h/\partial\rho}\frac{\partial f}{\partial\rho’}$ $\frac{\partial\rho}{\partial x}arrow-\frac{\partial h/\partial x}{\partial h/\partial\rho}$,
$\frac{\partial f}{\partial z}arrow$
$+ \frac{1}{\partial h/\partial\rho}\frac{\partial f}{\partial\rho’}$ $\frac{\partial\rho}{\partial z}arrow+\frac{1}{\partial h/\partial\rho}$ ,




$- \Gamma\rho\frac{\partial^{\langle 0)}h}{\partial n}$ , (A 1)
$0=- \frac{\partial^{(0)}p}{\partial\rho}-\mathrm{r}\rho\frac{\partial^{\mathrm{t}\mathrm{o})}h}{\partial\rho}$ . (A 2)
$\langle$
U /\partial \rho $=-\Gamma\partial^{(\text{ }}/\partial n$ . $O(\epsilon)$
(1) $\langle$ 1) $\langle 0)$
$\langle$ $1)\mathrm{t}0)$ (1) $\partial p$ $\partial h$ $\langle 1)10)\partial h$
$R_{o}\kappa U^{2}+U=-_{\overline{\partial n}}-\mathrm{r}_{\rho-}\overline{\partial n}bU\overline{\partial n}$ , (A.3)
(1) (
$0=- \frac{\partial p}{\partial\rho}-\Gamma\rho\frac{\partial h}{\partial\rho}+\langle 1)1^{0})bU\frac{\partial h}{\partial\rho}$ , $(\mathrm{A}.4)$
$\langle$ $0)$ ( (
$h,$ $U,$ $P$ $s$ . $O(\epsilon^{2})$ ,
$R_{o}[^{1^{0}}U) \mathrm{t}\mathrm{z}\frac{\partial^{\{1)}U}{\partial s}+(V-C_{n}))(2)\frac{\partial^{\mathrm{t}}U0)}{\partial n}]-V=-\Gamma\langle 2$
)
$\rho\frac{\partial^{(1)}h}{\partial s}-\frac{\partial^{(1)}p}{\partial s}$ . (A.5)
$R_{o}[^{(0)}U \frac{\partial^{(1)}h}{\partial s}+(^{\mathrm{t}2)}V-c_{n})\frac{\partial^{\mathrm{t}}h0)}{\partial n}12)]-R_{o}W\langle 2$
)
$=0$, (A 6)
$\frac{\partial^{(0)}h}{\partial\rho}-(\frac{\partial^{(1)}h}{\partial s}\frac{\partial^{\langle 0)}U}{\partial\rho}+\frac{\partial^{(0)}h}{\partial n}\frac{\partial^{(2}V^{1}}{\partial\rho})+\frac{\partial^{(2)}W}{\partial\rho}=0$. (A.7)
(A 5) (2.8) , (A 6) (A 7) (2.9) . (A 7)
$\rho$
(
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